A wounded gene WI12 was used as a marker to examine the interaction between biotic stress (wounding) and abiotic stress (high salt) in the facultative halophyte ice plant (Mesembryanthemum crystallinum). The deduced WI12 amino acid sequence has 68% similarity to WUN1, a known potato (Solanum tuberosum) wound-induced protein. Wounding, methyl jasmonate, and pathogen infection induced local WI12 expression. Upon wounding, the expression of WI12 reached a maximum level after 3 h in 4-week-old juvenile leaves, whereas the maximum expression was after 24 h in 8-week-old adult leaves. The temporal expression of WI12 in salt-stressed juvenile leaves was similar to that of adult leaves. The result suggests that a salt-induced switch from C3 to Crassulacean acid metabolism has a great influence on the ice plant's response to wounding. The expression of WI12 and the accumulation of WI12 protein were constitutively found in phloem and in wounded mesophyll cells. At the reproductive stage, WI12 was constitutively found in petals and styles, and developmentally regulated in the placenta and developing seeds. The histochemical analysis showed that the appearance of WI12 is controlled by both environmental and developmental factors. Immunogold labeling showed WI12 preferentially accumulates in the cell wall, suggesting its role in the reinforcement of cell wall composition after wounding and during plant development.
The plant used in this study is a facultative halophyte, the ice plant (Mesembryanthemum crystallinum). It has been used as a model system for studying plant responses to high salinity and related osmotic stresses (Bohnert et al., 1988) . The ice plant possesses a set of unique salt-tolerant mechanisms (Bohnert et al., 1995) . According to its growth characteristics and stress perception, the pattern of growth was divided into five stages: germinating, juvenile, adult, flowering, and seed set (Adams et al., 1998) . During normal development and/or under osmotic-type abiotic stresses, one well-known physiological change during the late juvenile stage is a change in the carbon assimilation mode from C3 to Crassulacean acid metabolism (CAM; Edwards et al., 1996) . Developmental programming (Cushman et al., 1990) , the hormone abscisic acid (ABA; Chu et al., 1990) , and cytokinin (Thomas and Bohnert, 1993; Dai et al., 1994) were shown to be involved in CAM induction. There is a 9-fold increase in the ABA content in salt-stressed young ice plants; the induction of CAM by ABA and cytokinin was believed to be due to an acceleration of the process for developmental maturity in young ice plants ( Thomas and Bohnert, 1993) . Although the physiological responses to osmoticrelated abiotic stresses in the ice plant have been extensively studied, the responses to other environmental stresses, especially biotic stresses, are relatively unknown.
We previously isolated a highly abundant cDNA from the light-grown ice plant callus. Databank search showed high homology to a potato (Solanum tuberosum) wound-induced gene WUN1 (Yen et al., 1999) . Mechanical wounding to simulate herbivore or pathogen attacks causes rapid changes of gene expression at the injured site. These gene products, called wound-induced proteins, are involved in plant-defense responses to herbivore attack (Bowles, 1990) . Jasmonic acid (JA) and its methyl ester, methyl jasmonate (MeJA), are key signal compounds in the expression of wound-induced proteinase inhibitor genes (Farmer and Ryan, 1990) . Many reports also suggest that the JA-induced expressions of woundinduced genes can be coordinated with other hormones such as ABA (Peña-Cortés et al., 1991 ), ethylene (O'Donnell et al., 1996 , and cytokinin (Sano et al., 1996) . The JA-mediated signaling pathway for defense gene expression has been proposed (Koiwa et al., 1997) and the timing of expression is correlated with its role in the pathway (Ryan, 2000) . Genes involved in the signal transduction pathway, such as MAP kinase DS22 (Seo et al., 1995) and JA biosynthesis enzyme LOXH3 (Royo et al., 1999) , reached maximum expression within an hour. Defense genes, such as proteinase inhibitor pin1 and pin2, reached a maximum expression after 10 h (Graham et al., 1986) . The wound-induced expression of WUN1 was detect-able in 30 min and reached a maximum level in 10 h (Logemann et al., 1988) . Therefore, according to the time course of the wound-induced progression of gene expression, WUN1 should be classified as a defense gene. The histochemical analysis showed the tissue-specific, wound-induced expression of WUN1 in the epidermis and phloem of the leaves and stem. The cell-specific expression of WUN1 has been correlated to the cell-specific production of callose, a polysaccharide involved in wound healing after mechanical wounding or pathogen attack . Because WI12 is the first woundinduced gene found in the ice plant, it is interesting to compare the pattern of WI12 expression as well as the role in defense mechanism to its homolog WUN1 in glycophytes.
The ways in which plants respond to various environmental stresses including biotic and abiotic stresses are often interrelated. For example, the expression of genes encoding soybean (Glycine max) vegetative storage proteins was increased by water deficit stress and wounding (Mason and Mullet, 1990) . Roles of calcium, activated oxygen, ABA, and ethylene in communicating the signaling network have been suggested (Bowler and Fluhr, 2000) . Although it is known that both salt stress and wounding elicited the same signals, such as ABA, the physiological evidences for this connection have not been presented in the ice plant. In this paper, we first examine the effects of factors that induce the expression of wound-induced genes on the expression of WI12. Comparison was focused on the differential responses to wounding between two developmental stages of ice plants (C3 juvenile and CAM adult). The juvenile stage was studied to determine if there was any change in the temporal expression of WI12 under salt stress. Finally, histochemical techniques were used to examine the tissue specificity and the cellular localization of WI12 to assess the role of WI12 under environmental stresses and during development.
RESULTS

Time Course Progression of WI12 Induction by Wounding and MeJA in Two Developmental Stages
To test the effects of wounding and MeJA on WI12 induction, two stages of ice plant were mechanically injured or sprayed with MeJA and collected at different time intervals. As shown in Figure 1A , the expression of WI12 was not detectable in healthy plants and was rapidly induced by wounding in 1-month-old juvenile leaves. The peak expression was reached at 1 h and lasted to 3 h, and declined down after then. As for the JA treatment, northern analysis detected WI12 expression 1 h after MeJA spraying, with the maximum accumulation of steady-state mRNA occurring after 24 h and dropping 36 h after treatment. The result showed that wounding triggered a faster response of WI12 expression than the application of MeJA in juvenile leaves. To examine if air-borne JA could cause different response kinetics, an additional set of MeJA treatments were performed by placing ice plants and 0.5 L L
Ϫ1
pure MeJA together in an airtight Plexiglas container. The temporal expression of WI12 was similar to the result obtained by direct spraying but the level of WI12 expression was much lower compared with direct spraying (data not shown).
The onset of secondary growth, i.e. adult leaves and stems appearing as side shoots, is the most prominent morphological change in the transition from juvenile C3 to adult CAM stages. We also examined the expression of WI12 by wounding and MeJA in leaves and stems of the adult ice plant. In 2-month-old adult leaves, a low level of constitutive expression was detected in healthy plants. Wounding caused a much lower level of induction and the response kinetics to wounding in adult leaves was much slower than that of juvenile leaves. The transcript level increased gradually and reached the maximum level 24 h after wounding. JA treatment triggered a faster response in adult leaves when compared with the wounding treatment. The maximum expression of WI12 occurred after 12 h and decreased 24 h after MeJA spraying (Fig. 1B) . The level of WI12 was constitutively high in the stems, and wounding and MeJA treatment did not cause a significant increase in WI12 expression within 24 h (Fig. 1C) .
Effects of Systemic Response, Pathogen Infection, and SA at Juvenile Stage of Leaves
Because 1-month-old leaves have the highest level of WI12 expression by wounding and MeJA treatment, they were used to examine other factors that commonly affect the expression of wound-induced genes. Lower parts of leaves were wounded and upper parts of leaves were sampled to examine the systemic response of WI12. Twenty-four hours after wounding the lower part, WI12 expression was not induced in the upper part of the young leaves, suggesting that the expression of WI12 is restricted to the locally damaged tissues ( Fig. 2A) . When leaves were inoculated with the spawn of Pestalotia sp., a pathogen known to infect ice plants (Farr et al., 1989) , lesions appeared 12 h after inoculation, rapidly enlarged after 24 h, and were restricted after 48 h of infection. At the same time, the expression of WI12 increased to the maximum level at 12 h and continued to express 48 h after inoculation (Fig. 2B ). The expression of WI12 was parallel to the development and restriction of necrosis spots. SA is another important signal transduction compound in plant defense mechanisms; therefore, we tested the effect of SA on the WI12 induction. The expression of WI12 in SA-treated leaves was so low that a large RNA sample (40 g) and a prolonged exposure time (3 d) were required to detect the signal. During the 48 h of SA treatment, the expression of WI12 decreased after 12 h and returned to a steady level afterward (Fig.  2C ). When the same blot was probed with PA13, an SA-inducible osmotin-like gene, there was an increase in PA13 expression after 12 h and then decreased afterward (Fig. 2C) . The results show induction by pathogen infection and transient suppression by SA, whereas there is no apparent systemic response to wounding of WI12.
Salt Stress Causes Dramatic Change of WI12 Expression at Juvenile Stage of Leaves
One-month-old ice plants are at the stage of competence for CAM induction; the addition of a high concentration of salt accelerates the transition. To test the effect of salt stress on WI12 expression, 1-monthold ice plants were irrigated with water (control) or 200 mm NaCl for a week. The induction of CAM was indicated by the increased activity of phosphoenolpyruvate carboxylase (PEPCase), the major carboxylation enzyme in the CAM cycle. When 1-month-old plants were irrigated with NaCl, the extractable activities of PEPCase increased, whereas in the control plants there was less increase of the PEPCase activity (Fig. 3A) . The increase in PEPcase activity over a 1-week period was about 8-fold. Leaves from the control and 6-d-stressed plants were wounded and samples were collected at different time intervals. As shown in Figure 3B , although these leaves were at the same age, the response kinetics to wounding was different. The maximum expression of WI12 occurred Figure 2 . Effects of systemic response, pathogen infection, and salicylic acid (SA) treatment on expression of WI12 in leaves of juvenile plants. A, For systemic response, basal leaves were injured and upper unwounded leaves of the same plant were collected from 0 to 24 h (nos. on the top). B, For pathogen infection, leaves were infected with pathogenic fungus Pestalotia sp. for 0 to 48 h. Ten micrograms of total RNA was separated by agarose-formaldehyde gel and the RNA gel blot was hybridized against a 32 P-labeled WI12 probe. C, For SA treatment, 200 M SA was soil applied for 0 to 48 h. Forty micrograms of total leaf RNA was separated by agarose-formaldehyde gel and the RNA gel blot was hybridized against a 32 P-labeled WI12 or PA13 probe. A 3-d film exposure time was required to get a detectable signal on the blot. Bottom figure on each RNA gel blot is an EtBr-stained agarose gel to ensure equal loading of each lane.
after 3 h in the control leaves and was delayed to 24 h in salt-stressed leaves (Fig. 3B) . Quantification of hybridization signals (Fig. 3C) showed the level of expression in the control treatment was very similar to that of the juvenile leaves shown in Figure 1A , whereas the level of expression in salt-stressed leaves was parallel to that of the adult leaves, shown in Figure 1B . The similarity of the temporal expression between adult leaves and stressed juvenile leaves indicates that it is the internal ontogenetic programming, not the actual age, that determines the time course induction of WI12 expression.
Tissue-Specific Expression, Accumulation, and Subcellular Localization of WI12
To facilitate the interpretation of the developmental regulation of WI12, the tissue-specific and stage- Figure 3 . Effect of salt stress on CAM induction and WI12 expression. Juvenile ice plants were irrigated with water (control) or 200 mM NaCl (salt stressed) for 1 week. A, For CAM induction, plants were treated with water (white circle) or 200 mM NaCl (black circle), leaf discs were collected every day, and the activity of PEPcase was measured (mol mg Chl Ϫ1 h Ϫ1 ). B, For wounding treatment, leaves were collected from control or 7-d-stressed unwounded plants and wound-treated for 0 to 24 h (nos. on the top). Ten micrograms of total RNA isolated from each treatment was separated by agarose-formaldehyde gel. The RNA gel blot was hybridized against a 32 P-labeled WI12 probe. Bottom figure on each RNA gel blot is an EtBr-stained agarose gel to ensure equal loading of each lane. C, The quantitative comparison of wound-induced WI12 mRNA level between adult leaves and salt-stressed juvenile leaves. Gray bars were relative amount of WI12 expression of juvenile and adult leaves shown in Figure 1 , A and B. White bars were relative amount of WI12 mRNA of control and salt-stressed juvenile leaves shown in B. The density of each signal that appeared on the autoradiogram was measured and the highest value of each blot was set as 100%.
dependent expression of WI12 and localization of WI12 proteins were examined. Paraffin sections were taken from healthy, wounded, or MeJA-treated leaves, stems, and flowers. To verify whether the expression of the WI12 gene coincided with an accumulation of WI12 protein, in situ hybridization and immunostaining experiments were carried out on similar sets of sections. Sense and antisense probes for in situ hybridization were amplified from the open reading frame of WI12. The anti-WI12 antiserum used as the primary antibodies for immunostaining specifically recognized WI12 protein (Yen, 2000) .
In the control experiments, very low background signals were detected in wounded leaves and stems when probed with sense RNA or pre-immune serum (Fig. 4, A-C) . In unwounded leaves, when an antisense probe (Fig. 4D ) or anti-WI12 serum (Fig. 4F ) was used, low signals were detected in mesophyll and epidermal cells. A slight purple color appeared in the phloem cells. In unwounded stems, a strong constitutive expression of WI12 was associated with the phloem area (Fig. 4E) . The result was consistent with the result from RNA gel blots that the expression of WI12 was low in healthy leaves and constitutive in the stems.
When juvenile leaves were wounded for 6 h ( Fig.  4G ) or sprayed with MeJA for 12 h (Fig. 4J) , a high level of WI12 expression was detected in all leaf tissues including the mesophyll, epidermal, and phloem cells. There is no apparent difference in the distribution of WI12 by wounding and MeJA. As for wound-induced WI12 protein accumulation, it accumulated in all parts of the wounded leaves, especially in the phloem region and in the discrete area of the epidermis (Fig. 4I) . Phloem-specific expression of WI12 was observed in wounded ( Fig. 4H ) and MeJAtreated (Fig. 4K) stems and a low level of WI12 was detected in the epidermal cells or cortex parenchyma. Phloem-specific WI12 protein accumulation was also observed in wounded stems (Fig. 4L) .
Tissue-and stage-specific distribution of WI12 in the floral organs of unwounded ice plants was also examined. There was a high level of WI12 expression in the epidermal cells of the petals (Fig. 5A ) and in the transmitting tissues of the styles (Fig. 5C ). The pattern of WI12 protein accumulation exactly matched its expression in petals (Fig. 5B) and styles (Fig. 5D) . In developing ovaries, both WI12 gene expression (Fig. 5E ) and protein accumulation (Fig.  5F ) were detected in the placenta, the tissue to which the ovules are attached. In mature ovaries, the expression of WI12 in the placenta was even stronger (Fig. 5G) and consistent with the highest accumulation of WI12 protein, especially in the palisade-like cells located at the outermost layer of placenta (Fig.  5H) . The results show that WI12 gradually accumulates in the placenta during development. Cellspecific expression of WI12 was also found in the formation of seeds. The expression of WI12 was detected in all parts of the developing seed (DS in Fig.  5E ) and became stronger in the seed coat as the seeds became mature (MS in Fig. 5G) . A "mature seed" is defined here by the appearance of a prominent cotyledon inside the seed prior to dehydration. The accumulation of WI12 protein in the developing seeds was also found in all parts of the seed (DS in Fig. 5F ), and as the cotyledon developed, WI12 was preferentially accumulated in the cells surrounding the cotyledon (MS of Fig. 5H) .
The cell-specific expression and accumulation of WI12 during development is shown in Figures 4 and 5, yet it is still unclear where WI12 proteins are located at the subcellular level. We prepared sections of placenta collected from a mature ovary, the stage with the highest amount of WI12, and used anti-WI12 serum for the subcellular localization of WI12. Along the palisade cells of the mature placenta, immunogold particles appeared mostly in the middle lamella of the cell wall and in the intercellular space (Fig.  6A ). Some gold particles were also found inside the cells. The gold particles in the cytoplasm appeared to be randomly distributed and we were not able to judge if they were specifically associated with any organelles or endomembrane system (Fig. 6A) . When similar sections were incubated with pre-immune serum, a low background of gold particle binding was detected (Fig. 6B) . Gold particles were also observed in the primary cell wall of wounded mesophyll cells and phloem parenchyma cells, consistent with the results carried out by immunostaining (data not shown). Protein structure analyses and motif search predicted WI12 was a soluble protein with two potential glycosylation sites and a hydrophobic N-terminal signal peptide (Yen, 2000) . This, combined with the results obtained by immunogold labeling, suggests that WI12 is synthesized and processed through the endoplasmic reticulum-Golgi system and eventually secreted into the apoplastic compartment.
DISCUSSION
CAM Induction Alters JA Signaling Pathway
WI12 and WUN1 not only have high similarity (68%) at the deduced amino acid level but also share similar expression patterns. WI12 cDNA was originally isolated from cultured ice plant cells (Yen et al., 1999) , whereas WUN1 is expressed in suspension cells and isolated protoplasts of potato . The response to wounding follows a similar trend in that the WI12 and WUN1 transcripts start to accumulate right after the tissues are injured and level off 24 h after wounding (Logemann et al., 1988) . According to the time course progression of signal transduction pathway in response to wounding (Ryan, 2000) and the response kinetics of WI12 expression, WI12 should belong to the class of "defense gene" but is not involved in the signal pathway. Based on the model proposed by Farmer and Ryan (1992) and further extended by Creelman and Mullet (1995) , JA acts as a critical signal molecule in the wound signal transduction pathways. Because both wounding and JA trigger WI12 expression at the same cellular locations (Fig. 4, G and J) , we might expect that JA would mediate the wound signal in the expression of this defense gene. In other words, direct JA spraying should trigger WI12 expression more quickly than wounding. However, the temporal expression indicated that the wound-induced expression of WI12 in 1-month-old juvenile leaves was by far faster than JA treatment (Fig. 1A) . The juvenile Sections prepared from 1-month-old leaves and stems were wounded or MeJA treated as indicated in the bottom left of each figure. The pattern of WI12 mRNA was detected by in situ hybridization (left two panels) using digoxigenin-labeled sense WI12 RNA probe (A and B) or antisense WI12 RNA probe (D, E, G, H, J, and K), and detected by alkaline phosphataseconjugated anti-DIG antibodies. The accumulation of WI12 protein was detected by immunostaining (right) using preimmune serum (C) or anti-WI12 antiserum (F, I, and L), followed by alkaline phosphatase-conjugated anti-rabbit antibodies. Purple color developed, marked by small arrowheads, indicating the positions where WI12 expressed or accumulated. A similar pattern of WI12 expression was observed in wounded and MeJA-sprayed leaves. Ph, Phloem; Xy, xylem; M, mesophyll; Pi, pith; C, cortex; E, epidermis. Bars represent 200 m in all figures.
stage of ice plant used in Figure 1A was undergoing C3-CAM transition. Several lines of evidence revealed cross talk between the signaling pathway for CAM induction and the wound-induced JAmediated pathway that caused the abnormal temporal expression of WI12.
First, the young ice plant switches its photosynthetic mode from C3 to CAM in response to developmental and environmental signals as well as to hormones ABA and cytokinins (Edwards et al., 1996) . In the review written by Creelman and Mullet (1997), JA synthesis is affected by a list of developmental and environmental factors. Wounding and pathogen attacks produce transient increases in the concentration of endogenous JA, and as a result, many wound-induced genes are turned on. Exogenous application of JA regulates these genes in a similar way (Sembdner and Parthier, 1993) . In addition to wound-related biotic stresses, abiotic stresses such as drought (Mason and Mullet, 1990 ) and metabolic alteration such as depodding (Tranbarger et al., 1991) induce JA accumulation and JA-related gene expression. The interaction between biotic and abiotic stresses is thought to be mediated by ABA, ethylene, and cytokinin (Seo et al., 1997; Wasternack and Parthier, 1997) . Therefore, JA-induced expression of WI12 might be complex, with certain environmental and developmental signals for CAM induction at the juvenile ice plant stage. The threshold concentrations for ABA, cytokinin, or other growth factors at the convergent point for CAM induction might cause an alteration of wound-signaling cascades.
Second, if the above-mentioned statement were correct, what would be the pattern of WI12 expression when CAM induction is complete? In 2-monthold adult leaves, in which CAM is fully operating, the induction of WI12 by MeJA treatment was faster than by wounding (Fig. 1B) . The statement was further elucidated by using same-age plants with two photosynthetic modes (C3 or CAM). In 1-month-old juvenile leaves, in which CAM was induced by salt stress, the response kinetics of WI12 to wounding is similar to that of adult leaves (Fig. 3) . Therefore, it is the transition that occurs at a specific stage of ice plant development that causes the alteration of the wound signal pathway.
In addition to the acceleration of developmental competence from juvenile to adult, high level of Na ϩ may have a direct effect on the expression of this cell wall protein. Salt-induced changes in cell wall composition in salt-adapted tobacco (Nicotiana tabacum L.) suspension cells have been reported (Iraki et al., 1989) . We have tried to use cultured ice plant cells to clarify these two possibilities because the saltinduced changes of cell wall protein accumulation has been reported in these cultured cells (Yen et al., 1994 (Yen et al., , 1997 . When increased concentrations of NaCl were added to the culture medium, there was not any significant change of WI12 expression (Yen et al., 1999) . These halophytic cells were unable to perform CAM in response to salinity or ABA (Yen et al., 1995) even though they grew well in NaCl medium. The direct salt effect on WI12 expression may require an organized tissue to be displayed, just like the operation of CAM (Adams et al., 1992) .
Another possible interpretation for the differences in response kinetics is that wounding and MeJA might indicate two separate pathways for inducing WI12 in ice plants. Several reports recently showed that certain JA-independent wound-induced genes were related to defense mechanisms (Titarenko et al., 1997; Leon et al., 1998; Royo et al., 1999) . Royo et al. (1999) reported that exogenous JA failed to recover pin2 mRNA levels in LOX-H3-deficient plants, indicating that another signal transduction pathway triggered pin2 expression. Therefore, wounding might induce an alternative signaling pathway for WI12 gene expression at certain developmental stages. SA, another wound signal compound (Seo et al., 1997) , was unable to induce WI12 gene expression (Fig. 2C) . More experiments must be performed, especially involving the relationship between JA and other growth regulators such as ABA, ethylene, and cytokinin, to support this point of view.
Suggested Roles for WI12
The results of northern analysis and tissue-specific localization showed WI12 genes were expressed and accumulated in the epidermis and phloem of leaves by environmental factors including wounding, MeJA, and fungal pathogens. The expression of WI12 (Fig. 1) and WUN1 in unwounded mature leaves is much higher than in young leaves, suggesting both genes are also developmentally regulated. Furthermore, WI12 was constitutively expressed in the reproductive organs of ice plants (Fig. 5) , whereas the expression of WUN1 was also noticed in the anthers and pollen grains (Siebertz et al., 1989) . A similar pattern has been demonstrated in pin2, gene for proteinase inhibitor II, one of the best studied defense genes (Peña-Cortés et al., 1991; Wingate et al., 1991) . The expression of the proteinase inhibitor II gene family is both developmentally and environmentally regulated and different signals are involved in its regulation (Lorberth et al., 1992) . Other wound-induced defense genes, such as hmg (Choi et al., 1992) and Aco (Titarenko et al., 1997) , were also constitutively expressed in the reproductive organs. It has been proposed that these genes can play a protective role against pest and pathogen infection in the reproductive organs (Peña-Cortés et al., 1991) .
Three WI12-like expressed sequence tag sequences of ice plant were reported recently (accession nos. BE035598, BE036967, and AI861017). The deduced amino acid sequences all have high identity (95%-99%) to WI12, but the 5Ј-or 3Ј-untranslated sequences vary. Southern analysis also showed that there are at least two WI12-like genes in the ice plant genome (Yen, 2000) . Using gene-specific probe designed from the 3Ј-untranslated region of WI12, we have found that the wound-induced pattern of expression exactly matches the result showed in Figure  1A . However, opposite from the constitutive expression in stem (Fig. 1C) , very weak signal was detected in stem using WI12-specific probe (S.-K. Yen and H.E. Yen, unpublished data). Therefore, various environmental stimuli and developmental factors might differentially affect the expression of different members of WI12 gene family in an organ-or cell-specific manner. Future work will be directed toward the understanding of the expression pattern of each member of this WI12 gene family.
Overall, the results of in situ hybridization were mostly consistent with the results obtained by immunostaining, with one exception. At the later stage of seed development, the different distribution of WI12 mRNA (Fig. 5G) and protein (Fig. 5H) , i.e. seed coat versus cotyledon, was evident. This result suggested that the WI12 gene is regulated at translational and/or posttranslational levels during seed development. The different distribution of mRNA and protein may also be explained by the extracellular localization of WI12. At the later stage of the seed development, the cells around the seed coat synthesized WI12, then transported apoplastically to the lumen surrounding the cotyledon to protect the young seedlings once germinated.
Most known wound-induced defense systems respond to systemic signals (Peña-Cortés et al., 1988) ; however, the expression of WI12 was restricted to the wounded site. Only two mechanisms were known to be involved in the local defense systems and interestingly, both of them operated in the cell wall region. First, the accumulation of Hyp-rich glycoproteins was found to reinforce the structure of cell wall after wounding and pathogen attack (Lawton and Lamb, 1987; Kawalleck et al., 1995) . WI12 is similar to Hyp-rich glycoproteins in that both of them are cell wall localized and have phloem-specific induction by wounding. Second, wound-induced callose formation has been suggested as a healing mechanism by producing physical barriers at the injured site (Hahlbrock and Scheel, 1987) . In wounded tobacco leaves, callose was accumulated, locally but not systemically, in the epidermal cells and vascular tissues. pointed out that the wound-induced cell-specific expression of WUN1-GUS in transgenic tobacco fits the localization of wound-induced callose. We also observed a massive accumulation of callose in the mesophyll cells and the phloem tissue upon wounding (Yen, 2000) . The possible involvement of WI12 in the change of cell wall structure and formation of callose is under investigation.
In conclusion, the expression of WI12, the first wound-induced gene found in ice plants, is controlled by both environmental (wounding stimuli) and developmental (stage-and organ-specific) factors. The wound-induced JA-signaled WI12 gene expression is complicated by the onset of CAM induction in juvenile leaves of ice plants. The extracellular localization and epidermis-and phloem-specific accumulation suggests that WI12 is actively involved in the modification of the cell wall structure at the site of injury.
MATERIALS AND METHODS
Plant Growth Conditions and Treatments
Ice plants (Mesembransemum crystallinum) were grown in mixed soil (humus:vermiculite:sand, 3:1:1, v/v) in a growth chamber with a 16-h-light (800 mol quanta m Ϫ2 s Ϫ1 )/8-h-dark period at temperature of 30°C/18°C. Onemonth-old ice plants that are on set of CAM transition are referred as "juvenile" plants and 2-month-old CAM form plants are referred as "adult" plants in the text. Healthy ice plants were wounded mechanically by cutting to 5-mm pieces and laying on a few layers of damp paper towel under continuous illumination (100 mol quanta m Ϫ2 s Ϫ1 ) at room temperature. To examine the systemic response, the lower part of a young leaf was scratched with a toothpick and the unwounded upper-part leaves in the same plant were sampled. For pathogen infection, actively growing hyphae of Pestalotia sp. maintained in potato dextrose agar were cut into 1-cm 2 agar blocks, directly contacted with leaf surface, and kept at 100% (v/v) relative humidity until the end of the experiment. MeJA treatments were done by foliar spraying with 200 L L Ϫ1 MeJA emulsified in 0.02% (v/v) Tween 20 by sonication. SA treatments were done by applying 200 m SA (adjusted to pH 7) directly to soil. For MeJA and SA treatments, each plant was sampled for only one time point to avoid induction of WI12 upon cutting off the leaves for sampling. At each time point, samples were collected from three or four separated plants and directly frozen in liquid nitrogen.
RNA Gel-Blot Analysis
RNA was extracted from different parts of plants by the phenol-LiCl method (Logemann et al., 1987) . Ten micrograms of total RNA from different treatments was loaded on a formaldehyde-agarose gel and blotted to a nylon membrane (Genescreen Plus, NEN Life Science Products, Inc., Boston) according to Sambrook et al. (1989) . Blots were hybridized with 32 P-labeled WI12 probes (by rediprime II, Amersham Pharmacia Biotech, Buckinghamshire, UK) at 65°C overnight, sequentially washed twice in 2ϫ SSC for 15 min at room temperature, 2ϫ SSC, 1% (w/v) SDS for 30 min at 65°C, and 0.1ϫ SSC for 15 min at room temperature. Finally, the hybridization signals were detected by x-ray film exposure (BioMax film, Eastman Kodak Co., New Haven, CT). RNA gel blotting data presented in this article were all established using at least two separate sets of RNA samples and only one representative of the patterns was shown.
DNA and Protein Sequences Analysis
The amino acid sequence of WI12 was predicted and analyzed using the DNASTAR software. The sequence comparison was done using the BLAST network service (National Institutes of Health, Bethesda, MD) and GCG program (Genetic Computer Group, Madison, WI). Analyses of protein structure and signal peptides were performed by the Motif Search program on the GenomeNet World Wide Web server on the Internet.
Sample Preparation for Cytochemical Analyses
Tissue of ice plant was cut into small pieces and immediately fixed in 4% (w/v) paraformaldehyde, 0.25% (w/v) glutaraldehyde, and 0.01% (w/v) Tween 20 in 0.1 m sodium phosphate buffer, pH 7.0, at 4°C for 16 h under vacuum. The tissues were then dehydrated in a graded alcohol series (30%-100%, w/v) and embedded in paraffin for light microscopic observation or in LR White (London Resin Company, Berkshire, UK) for transmission electron microscope. The embedded tissues were sectioned in microtones and affixed to poly-l-Lys-coated slides (6-10 m) or formvar-coated nickel grids (70 nm). The open reading frame of WI12 was amplified by PCR and cloned to a pGEM-T EazyVector system (Promega, Madison, WI). Antisense and sense RNA probes were synthesized by a SP6/T7 digoxigenin RNA labeling kit (Boehringer Mannheim, Mannheim, Germany). Recombinant WI12 protein was produced by overexpression in E. coli using pET29a vector (Novagen, Madison, WI) as described by Yen (2000) . WI12 was first purified using His-tagged resin (Novagen), separated by SDS-PAGE, and the gel slices containing WI12 were collected. Rabbit polyclonal antiserum was prepared against purified recombinant WI12 protein by the Institute of Botany, Academia Sinica.
In Situ Hybridization
Procedure for in situ hybridization was based on Coen et al. (1990) with certain modifications. Hybridization was performed in a humid chamber at 37°C overnight in 1ϫ salt (0.3 m NaCl, 10 mm Tris-HCl [pH 6.8], 10 mm NaH 2 PO 4 / Na 2 HPO 4 , and 5 mm EDTA), 50% (w/v) formamide, 10% (w/v) dextran sulfate, 1ϫ Denhardt's solution (10 mg mL Ϫ1 bovine serum albumin [BSA] , 0.02% [w/v] Ficoll 400, and 0.02% [w/v] polyvinylpyrrolidone), 1 mg mL Ϫ1 tRNA (Boehringer Mannheim), and 1 ng L Ϫ1 probes. After hybridization, sections were first treated with RNase (20 g mL Ϫ1 ) at 37°C for 30 min and washed with 2ϫ SSC for 30 min at 25°C, then a stringency wash in 0.1ϫ SSC for 1 h at 57°C. Hybrids were detected using the digoxigenin nucleic acid detection kit (Boehringer Mannheim) at 25°C for 24 h. Slides were air dried, mounted, and photographed by a light microscope (BX 50, Olympus Optical Co., LTD, Tokyo).
Immunostaining
For immunostaining, 6-to 10-m paraffin sections were first blocked in 0.5% (w/v) blocking reagent (Boehringer Mannheim) 37°C for 1 h, followed by hybridizing with either pre-immune or immune anti-WI12 serum at a 1:250 dilution at 37°C for 1 h. After four times in a 10-min wash in 150 mm NaCl, 100 mm Tris-HCl, pH 7.5, sections were then reacted 1 h with alkaline-phosphatase-conjugated goat anti-rabbit IgG secondary antibody (1:500 dilution, Jackson Immumoresearch, West Grove, PA). The signal was detected by nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate solution (Boehringer Mannheim) for 10 min to 4 h in the dark. .4 mm sodium citrate, and 0.16 n NaOH) for 10 min. Sections were examined using transmission electron microscopy (CM100, Philips Electron Optics, Eindhoven, The Netherlands).
Immunolocalization
